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ABSTRACT 


The  purpose  of  this  program  is  to  investigate  methods  for  improving 
the  bandwidth  capabilities  of  high-pcver  klystron  amplifiers.  The  objective 
is  a  1  db  bandwidth  improvement  of  at  least  fifty  percent  over  the  current 
state  of  the  art.  Particular  emphasis  is  being  placed  on  the  study  of 
extended-interaction  resonators,  and  the  possible  optimization  of  these 
resonators  through  the  use  of  mode  overlapping. 

In  this  report,  the  results  of  the  continued  investigation  into  the 
effects  of  mode  overlapping  in  two-gap  extended-interaction  resonators  are 
presented.  An  emphasis  was  placed  on  the  study  of  the  sensitivity  of  the 
resonator's  frequency  response  to  changes  in  the  beam  voltage,  which  seemed 
to  be  a  major  drawback  of  resonators  with  overlapping  modes.  It  is  shown 
that  this  sensitivity  con  be  minimized  by  synchronizing  the  beam  with  the 
%  mode.  One  theoretical  example  is  cited  wherein  a  beam  voltage  variation 
of  more  than  fifty  percent  causes  only  small  changes  in  the  resonator's 
response  and  bandwidth. 

Equations  are  derived  for  a  computer  program  which  will  calculate  the 
small-signal  gain  and  phase  response  of  klystrons  employing  extended- 
interaction  resonators  with  overlapping  modes.  The  gain  equation  is 
written  in  terms  of  the  circuit  admittance  and  electronic  admittance  matrices 
of  each  resonator,  and  the  transfer  admittance  matrices  between  resonators. 
The  equations  were  derived  for  the  particular  case  of  two-gap  resonators, 
but  the  method  is  generally  applicable  to  resonators  with  any  number  of  gaps. 

A  cold-test  method  for  use  on  extended-interaction  resonators  with 
overlapping  modes,  and  on  fl  Iter- loaded  resonators,  is  developed  theoreti¬ 
cally.  Through  the  use  of  this  method,  the  elements  of  the  Impedance 
matrix  of  a  resonator  may  be  determined. 
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FOREWORD 


This  document  is  a  report  of  the  vork  performed  oil  Contract  DA  28-01l3 
AtC-02157(E)  during  the  second  four -month  period. 

The  program  is  being  carried  out  in  the  High  Power  Microwave  Tube 
Laboratory.  The  principal  engineers  are  Erling  Lien,  who  is  serving  as 
project  leader,  and  Darrell  Robinson. 

Sponsorship  and  direction  of  the  program  are  from  the  U.S.  Army 
Electronics  Command,  Fort  Monmouth,  Rev  Jersey.  The  assigned  Army  Project 
Engineer  is  Park  Richmond. 
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INTRODUCTION 


Purpose 

The  purpose  of  this  program  is  to  investigate  methods  for  im¬ 
proving  the  bund width  capabilities  of  high- power  Klystron  amplifiers. 
The  objective  is  a  1  db  bandwidth  improvement  of  at  least  fifty 
percent  over  the  current  state  of  the  art.  This  is  to  be  achieved 
without  undue  degradation  of  gain  or  efficiency  und  without  sacrificing 
stability.  Particular  emphasis  is  being  placed  on  the  study  of  ex¬ 
tended-interaction  resonators,  and  the  possible  optimisation  of  these 
resonators  through  the  vise  of  mode  overlapping . 

The  investigation  is  being  carried  out  theoretically  with  the 
aid  of  equivalent  circuits  and  mathematical  models,  and  experimentally 
to  the  extent  of  performing  cold-test  measurements  on  the  resonators. 
Where  applicable,  resonator  parameters  are  chosen  to  be  consistent 
with  a  design  example  of  o  5  megawatt  peak-power  klystron.  Unless 
otherwise  specified,  the  assumed  parameters  are  the  same  as  those 
listed  in  the  Introduction  section  of  the  first  triannual  report  of 
this  contract^ 

Progress 

The  major  areas  of  progress  in  this  contract  during  the  second 
four-month  reporting  period  were:  the  development  of  the  working 
equations  for  a  computer  program  which  will  calculate  the  small- 
signal  performance  of  klystrons  containing  resonators  with  over¬ 
lapping  modes,  and  the  theoretical  study  of  cold-test  methods 
applicable  to  such  resonators.  In  addition,  the  investigation  of 
the  frequency  response  of  two-gap  resonators  with  mode  overlap  was 


continued.  Of  particular  interest  this  period  was  the  ndnlmi  motion 
of  the  sensitivity  of  the  resonators'  frequency  response  to  changes 
in  the  do  team  voltage. 

Details  of  the  progress  in  each  of  these  ureas  are  presented  in 
tie  sections  following. 
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A 


Introduction 


The  characteristics  of  tvo-gap  resonators  in  which  the  two  modes 

overlap  in  frequency  were  studied  extensively  during  the  previous 

reporting  period.  The  results  of  this  study  were  presente  the 

2 

second  section  of  the  first  trtnnnuni  report  of  this  contract  , 

Figures  were  included  which  illustrated  the  relationship  between  the 
frequency  response  of  the  resonators  and  combinations  of  the  following 
parameters:  the  coupling  between  the  two  cavities,  the  degree  of 
external  loading  of  the  cavities,  the  synchronization  between  the 
beam  and  the  circuit,  and  the  relative  frequencies  of  the  two  cavities 
It  was  seen  that  for  all  but  extreme  coupling  between  the  two 
cavities,  the  Q's  of  the  two  modes  are  approximately  equal  when  the 
two  cavities  are  tuned  to  the  same  frequency  (equal  frequencies  before 
either  cavity  is  externally  loaded).  In  this  case,  the  flattest 
response  and  maximum  bandwidth  is  obtained  when  the  beam  is  synchron¬ 
ized  approximately  midway  between  the  two  modes.  If  the  two  cavities 
are  not  tuned  to  the  same  frequency,  the  Q’s  of  the  two  modes  are 
definitely  i  .equal.  For  example,  if  the  loaded  cavity  is  tuned  low, 
the  low-frequency  mode  has  the  lower  Q,  and  the  beam  synchronization 
must  favor  that  mode  in  order  to  have  equal  power  output  in  both  modes 
It  was  also  noted  that  when  the  two  cavities  are  tuned  to  the 
same  frequency,  the  frequency  response  is  quite  sensitive  to  changes 
in  the  synchronization  between  the  beam  and  the  circuit.  It  will 
be  shown  In  this  section  that  this  sensitivity  can  be  greatly  reduced 
by  synchronizing  the  beam  with  the  jt  mode.  The  loaded  cavity  is  then 
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tuned  low  to  optimize  the  response. 


B,  Minimizing  the  Sensitivity  of  the  Frequency  Response  to 
cVianges  In  the  Beom  Voltage' 

When  a  two-gap  resonator  with  overlapping  modes  is  excited  by 
a  modulated  beam,  the  relative  excitation  of  the  two  modes  is 
dependent  on  both  the  parameters  of  the  resonator  und  the  synchro¬ 
nization  of  the  beam  with  the  modes.  If  the  resonator  parameters  are 
chosen  so  the  Q  values  of  the  two  modes  are  equal,  the  beam  must  be 
synchronized  approximately  midway  between  them  to  excite  them  equally. 
If  this  condition  exists,  but  then  the  beam  synchronization  changes 
(for  example,  because  of  a  change  in  the  dc  beam  velocity  resulting 
from  an  increase  or  decrease  in  the  dc  beam  voltage)  one  mode  will 
be  favored  more  than  the  other,  causing  a  skewing  of  the  resonator 
response  with  respect  to  frequency.  This  was  illustrated  for  one 
particular  case  in  Pig.  7  of  the  previous  report1,  reproduced  here  as 
Pig.  1  for  convenience.  The  two  cavities  of  this  resonator  are 
assumed  to  be  equal  except  for  the  external  loading  (equal  values  of 
resonant  frequency,  and  Q  for  the  two  unloaded  cavities).  The 

beam  synchronization  is  specified  by  the  parameter  0o,  which  is  the 
phase  angle  between  the  rf  currents  exciting  the  two  gaps.  In  the 
general  cat,",  these  two  currents  ore  specified  by  the  single  drive- 
current  vector 


where  A  and  a0  ere  real  amplitude  factors.  a„  is  unity  in  the  case 

tz.  c. 

of  Fig.  1. 
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The  angle  9^  represents  the  phase  of  the  rf  beam  current  at  the 
second  gap  relative  to  the  rf  current  at  the  first  gap.  When  the  rf 
gap  voltages  are  small  compared  with  the  beam  voltage,  6,,  is  given  by 

02  «  -PeP  (2) 


where  p  is  the  spacing  between  the  gap  centers  and  *  iD/Uo 

propagation  factor  associated  with  the  dc  beam  velocity. 

(3  p  represents  the  time  phase  delay  caused  by  the  dc  drift  of  the 
6 

electrons  between  the  two  gaps.  For  an  output  resonator,  where 
appreciable  energy  extraction  takes  place  in  the  first  gap,  the 
electrons  will  leave  the  gap  with  a  velocity  lower  than  the  dc  beam 
velocity.  In  this  case. 


<-  PeP 


(3) 


i 

l 

k 


Any  retardation  of  the  beam  current  caused  by  the  interaction  in  the 
first  gap  is  presumed  to  be  included  in  the  value  of  6^ .  It  can  be 
seen  from  either  Eq.  (2)  or  (3)  that  6?  will  be  approximately  pro¬ 
portional  to  frequency  and  to  the  inverse  of  the  dc  beam  velocity 
when  the  spacing  p  remains  constant. 

Returning  to  the  particular  resonator  under  consideration,  Fig.  1 


shows  that  there  is  equal  power  output  at  the  two  modes  when 
02  =  -1.631,  ( Gg  is  specified  at  ux^,  the  resonant  frequency  of  the 

unloaded  anc  uncoupled  first  cavity  of  the  resonator) .  The  1  db 
bandwidth  for  this  case  is  12.1  percent.  If  the  value  of  0^  at  the 
frequency  ox^  is  changed  to  -1.6  jt,  the  lower- frequency  mode  (nominally 
the  n  mode)  is  favored  more  than  the  higher- frequency  mode  (nominally 
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the  2jt  mode)  and  the  resulting  1  db  bandwidth  la  slightly  lower,  being 
11.0  percent. 

When  G0  (at  o>^)  is  changed  to  -1.7k,  the  higher -frequency  mode  is 
favored  more  than  the  other.  This  change  in  the  beam  synchronization 
is  great  enough  to  cause  the  maximum  power  output  at  the  lower- frequency 
mode  to  be  more  than  1  db  below  the  maximum  power  output  at  the  upper 
mode.  As  a  result,  the  1  db  bandwidth  has  been  sharply  reduced  to 
only  six  percent.  Thus  it  is  seen  that  if  this  particular  resonator 
were  to  be  used  in  the  output  of  a  klystron,  the  maximum  variation  of 
the  synchronization  parameter  9^  frcm  the  optimum  value  would  have  to 
be  less  than  about  four  percent  If  the  1  db  bandwidth  were  not  to  be 
greatly  affected.  With  all  other  parameters  fixed,  this  means  that  the 
maximum  variation  of  the  beam  velocity  from  the  optimum  value  would 
hove  to  be  less  than  about  four  percent. 

It  is  useful  to  relate  this  percentage  change  in  beam  velocity 
to  a  corresponding  change  in  the  beam  voltage.  Including  relativistic 
effects,  the  beam  velocity  and  beam  voltage  are  related  by 


where 

Vq  =  dc  beam  voltage 

u  =  dc  beam  velocity 

o 

e  =  charge  of  the  electron 

m  =  electron  rest  mass 

o 

c  =  free- space  velocity  of  light 
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Letting 


(u  /cY 


and  solving  Eq.  ( it )  for  R,,  ve  obtain 


eV 

Rc  =  — 2^  +  i 

m  c 

o 


Solving  Eq.  (5)  for  u  yields 


-  cVl  -  (l/R  )J 


(5) 


(6) 


(7) 


The  rate  of  change  of  the  beam  velocity  may  be  related  to  the  rate 
of  change  of  the  beam  voltage  using  Eq.  (6),  Eq.  (7)  and 


du 
_ o 

u 

o 


1 


u 


o 


du  dR 
_ o _ c 

dR  dV 
c  o 


dV 

o 


The  result  is 


du 

o 

u 

o 


dVo 

TIT  — 


(8) 


(9) 


The  quantity  l/R^(Rc  +  l)  is  plotted  as  a  function  of  in  Fig.  2. 
The  figure  shows  that  the  rate  of  change  of  beam  velocity  is  approxi¬ 
mately  one  half  the  rate  of  change  of  beam  voltage  at  low  voltages,  and 
decreases  as  the  voltage  increases. 
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The  function  l/R(R+l),  relating  the  rate  of  change  of  beam  velocity 
to  the  rate  of  change  of  beam,  voltage,  versus  beam  voltage. 


At  Vq  »  1^0  KV,  vhere  i/r^(Hc  +  l)  "  0.3^5*  a  four  percent  change 
in  the  beam  velocity  corresponds  to  an  11.6  percent  change  in  the  beam 
voltage.  H\is  gives  an  approximate  limit  to  the  beam  voltage  variation 
that  could  be  tolerated  if  the  resonator  of  Fig.  1  were  to  be  used  os 
on  o>  tput  resonator  and  the  1  db  bandwidth  were  not  to  be  severely 
affected  (assuming  all  other  conditions  were  maintained  constant). 

It  should  be  noted  that  the  range  of  variation  of  the  operating  beam 
voltage  could  be  greater  than  the  amount  given  above  if  one  of  the 
cavities  of  the  resonator  were  made  tunable.  The  change  in  the 
relative  Q’s  of  the  two  modes  which  would  result  from  tuning  one  cavity 


could  bo  used  to  compensate  for  the  change  in  the  beam  synelrronizotion. 

The  sensitivity  of  the  resonator  response  to  changes  in  the 
parameter  0g  can  be  reduced  from  what  it  is  in  Fig.  1  by  making  use  of 
the  fact  that  the  complex  conjugate  of  a  drive-current  vector  is 
equivalent  to  the  original  current  vector  as  far  as  the  power  output 
of  the  resonator  is  concerned.  That  is,  the  power  output  at  any  given 
frequency  will  be  unaltered  if  6„  is  replaced  by  -8?,  with  no  other 
changes.  (However,  it  was  sh^wn  in  the  previous  report  that  the  gnp 


'ir/%1  4-  t~y  n  -  *  4  T  1  r  n  v\  4- V  +-V.  i-.  t  4  n  r»V»r.  p  N 
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In  particular,  the  sensitivity  of  the  response  to  changes  in  0^ 
can  be  minimized  by  synchronizing  the  beam  with  the  *  mode  (0O  =  -  n). 


If  this  is  done,  an  increase  in  0g  due  to  a  change  in  will  yield 
the  same  change  in  the  output  power  at  a  given  frequency  as  an  equal 


decrease  in  0g  caused  by  an  opposite  change  in  V  .  This  is  true 
because  the  two  resulting  current  vectors  are  complex  conjugates  of 


each  other,  as  illustrated  In  Fig.  3-  Note  that  the  current  1^,  used 
as  a  reference,  is  always  real. 
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It  should  be  pointed  out  that  equal  but  opposite  changes  in  0O 
at  one  frequency  will  not  produce  the  same  effect  on  the  output  power 
over  the  entire  frequency  range  of  the  response  because  of  the 
frequency  dependence  of  0O.  When  9g  is  leas  than  -  n,  60  approaches 
-  n ,  and  the  lower- frequency  mode  is  favored  more,  as  the  frequency 
decreases.  On  the  other  hand  when  is  greater  than  -  it,  0^  recedes 
from  -  it,  and  the  higher- frequency  mode  is  favored  more,  aa  the 
frequency  decreases.  This  is  depicted  in  Fig.  1|. 

One  example  of  the  response  of  a  resonator  which  is  excited  by 

a  beam  synelironized  with  the  it  mode  was  shown  in  Fig.  1 6  of  the  pre- 

P 

vious  report  .  That  figure  is  reproduced  here  as  the  solid  curve  in 
Fig.  5.  In  this  case,  0O  =  -  it  at  the  frequency  of  the  lower  mode, 
cu  =  0.88  (9g  =  — 1. 1U  it  at  cn^).  The  loaded  cavity  (second  cavity) 

has  been  tuned  low  by  seven  percent  (yp  =  u^/co^  =  0.93)  to  compensate 
for  the  beam  synchronization  and  equalize  the  power  output  in  the  two 
modes . 

The  other  curves  of  Fig.  5  illustrate  the  power  response  of  this 
resonator  for  two  other  values  of  synchronization  between  the  beam  and 
the  resonator  (6g  =  -  .02  it  and  9g  =  -1.0b5  it  at  a>  =  0.88  ai^).  The 
three  response  curves  (and  therefore  also  the  bandwidth  in  the  three 
cases)  are  nearly  the  same  even  though  the  phase  angle  9g  varies  over 
a  range  of  about  25  percent.  Again  assuming  constant  gap-to-gap 
spacing,  this  range  of  9g  corresponds  to  approximately  a  25  percent 
variation  of  the  beam  velocity,  which  in  turn  corresponds  to  a  beam 
voltage  variation  of  over  50  percent.  Thus  it  Is  seen  that  by  a 
proper  choice  of  the  beam  synchronization,  it  is  possible  to  operate 
a  two-gap  resonator  with  mode  overlap  over  a  wide  range  of  dc  beam 
voltages  without  seriously  affecting  its  power  response  or  bandwidth. 
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Fig.  4  -  An  illustration  Of  how  the  drive  current 
vectors  and  I^"  vary  with  frequency. 
The  beam  voltage  and  gap-to-gap  spacing 
are  constant. 
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Fig.  5  Resonator  response  curves  shoving  J 
synchronization.  Uie  loaded  cavit; 
synchronized  with  the  n  mode  at  co/i 


SMALL- SIGNAL  GAIN- BANDWIDTH  HKSF0N8E  OF  KLYSTRONS 


WITH  MODE- OVERLAPPING  RESONATORS 

A,  Introduction 

A  computer  program  ie  being  written  to  calculate  the  small-signal 
gain  and  phase  response  of  klystrons  which  employ  extended- interaction 
resonators  with  overlapping  modes.  The  equations  used  in  the  program 
have  been  derived  and  are  based  on  the  small-signal  theory  of  Wessel- 
Berg  .  This  theory  is  a  one- dimensional  space- charge-wave  theory  of 
the  interaction  between  a  longitudinal  beam  and  an  amplifier  structure 
composed  of  a  number  of  adjacent  but  uncoupled  interaction  regions  of 
arbitrary  lengths  and  arbitrary  rf  field  distributions.  Wessel-Berg's 
theory  is  non-relativistic,  but  relativistic  effects  are  being  taken 
into  account  in  the  computer  program  by  uGing  corrected  values  of  beam 
velocity,  coupling  coefficients,  beam-loading  conductance,  and  plasma 
frequency.  The  relativistic  corrections  being  applied  to  these  param¬ 
eters  were  described  in  the  first  quarterly  report  of  a  previous 
contract^. 

The  method  being  used  to  compute  the  gain  and  phase  response  of 
klystrons  employing  mode-overlapping  resonators  follows  closely  the 
method  of  Weesel-Berg  for  calculating  the  response  of  klystrons  can- 

5 

posed  of  a  number  of  cavity  groups  .  In  our  case  one  extended-inter¬ 
action  resonator,  consisting  of  a  number  of  single-gap  cavities  coupled 
to  each  other  and  to  the  beam  but  not  coupled  to  the  cavities  of  any 
other  resonator  except  through  the  beam,  is  analogous  to  a  cavity  group. 
(An  isolated  single-gap  cavity  can  be  considered  a  special  case  of  a 
cavity  group.)  The  gain  equation  for  the  overall  klystron  is  written 
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in  terms  of  the  circuit  and  electronic  matrices  of  each  resonator, 
and  the  matrices  describing  the  transfer  admittance  between  the 
resonators. 

The  computer  program  is  being  restricted  to  klystrons  with  only 
two-gap  extended-interaction  resonators  and  conventional  single-gap 
resonators.  However,  the  method  is  equally  applicable  to  klystrons 
containing  resonators  with  any  number  of  gape,  including  multiple- 
tuned  single-gap  resonators. 

The  development  of  the  equations  for  the  computer  program  can  be 

divided  into  three  general  phases:  relating  the  output  resonator  gap 

voltages  to  the  input  resonator  gap  voltages,  relating  the  input 

resonator  gap  voltages  to  the  power  available  from  the  generator,  and 

relating  to  output  power  delivered  to  the  load  to  the  output  resonator 

gap  voltages.  These  three  phases  are  discussed  separately  below. 

Relating  the  Output  Resonator  Gap  Voltages  to  the  Input 
Resonator  Gap  Voltages 

Consider  the  klystron  shown  schematically  In  Fig.  6,  consisting 
of  p  inductively-coupled  two-gap  resonators.  Let  each  resonator  be 
represented  by  the  equivalent  circuit  of  Fig.  7>  applied  specifically 
here  to  the  sth  resonator.  Each  cavity  of  the  resonator  is  represented 
as  a  series  R-L-C  circuit,  and  the  coupling  between  the  two  cavities 
is  simulated  by  the  shunt  inductance  Lq.  The  resistance  R  in  each 
cavity  includes  losses  due  to  external  loading  of  the  cavity  and 
resistance  In  the  cavity  walls.  For  a  more  complete  discussion  of  the 
characteristics  of  this  equivalent  circuit  see  reference  2. 

The  subscript  notation  used  in  the  preceding  two  figures,  and  to 
be  used  in  this  section  of  the  report,  is  as  follows.  When  two  sub¬ 
scripts  appear  together  with  no  separating  comma,  the  first  refers  to 


Schematic  drawing  of  a  klyatron  containing  p  two-gap  resonators 


rig.  7  -  Equivalent  circuit  for  the  sth  two-gap,  Induc¬ 
tively-coupled  resonator  of  the  klyBtron  shown 
schematically  In  Fig.  6. 
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the  resonator  number  and  the  second  to  the  number  of  the  gap  within 
the  resonator.  When  the  gaps  of  two  different  resonators  are  involved, 
the  subscript  pairs  appear  with  a  comma  between.  If  two  single  sub¬ 
scripts  are  separated  by  a  comma,  both  refer  to  resonator  numbers. 

Wessel-Berg  has  showr?  that  the  relationship  between  the  rf  gap 
voltages  in  the  pth  resonator  and  the  rf  gap  voltages  in  the  first 
resonator  can  be  written  as  the  following  determinant  of  matrices: 


V  = 


.  P 

~3,1 


3,2 


0 

rv 

0 

1 


0 

ew 

0 


(10) 


I-'P  _TI  ^  -T> 

1  ~P,2  ~p,3 

where 


V  . 
P-t 


0 


(11) 


and 


(12) 


Except  for  V, ,  all  of  the  elements  of  the  determinant  in  Eq.  (10) 
~L 

are  two-by-two  matrices  (in  the  case  of  two-gap  resonators).  The 
values  of  the  elements  of  V  are  found  by  expanding  the  determinant 

'S'P 

using  standard  rules.  However,  care  must  be  taken  to  multiply  the 
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matrices  together  in  the  coriect  order  (terns  with  the  highest  indices 
should  appear  first). 

The  Tl  matrices  in  the  determinant  arc  given  by 


■n  *  -  tT1  y 

■'-6,r  s  «Ne,r 


(13) 


where  Y  is-  the  self-admittance  matrix  associated  with  the  sth 
s 

resonator,  and  Y  is  the  transfer  admittance  matrix  between  the  rth 

’  ~s,  r 

and  the  sth  resonators.  Note  that  s  will  range  from  2  to  p  while  r 

will  range  frcm  1  to  p-1  (s  will  always  be  greater  than  r) .  The  matrix 

p  represents  the  voltage-gain  matrix  of  a  klystron  consisting  of 
y  r 

only  the  resonators  r  and  s. 

The  self-admittance  matrix  Y  is  the  sum  of  the  circuit 

s 

admittance  and  electronic  admittance  matrices  of  the  resonator  s: 


Y 

~G,  S 


=  Y  +  Y 
~c ,  s  '•■e , 


(1M 


The  circuit  admittance  matrix  is  just  the  inverse  of  the  circuit 
impedance  matrix,  described  in  detail  in  Appendix  1  of  Reference  1: 

-1 


~c ,  s 


=  Z 


c,  s 


(15) 


The  electronic  admittance  matrix  is  given  by 


~e,  s 


e,  si 


s2,  si 


e,s2  J 


(16) 


where  Y  is  the  beam  loading  admittance  of  the  nth  gap,  and  Y  „ 

e,  sn  Si- y  s x 


is  the  electronic  transfer  admittance  from  first  to  the  second  gap. 


-  20  - 


Trie  susceptive  part  of  the  beam  loading  of  any  one  gap  can  be  Included 

in  the  equivalent-circuit  capacitance  of  that  gap.  If  this  is  done, 

the  matrix  Y  can  be  written 
e 


Y 

~e,  s 


G  .. 
e,sl 

Y 

s2,sl 


e,  a2 


(17) 


where  G  is  the  real  part  of  Y  ,  or  the  beam  loading  conductance 
e, sn  e,sn 

of  the  nth  gap.  The  expression  for  this  conductance  is 


e,  sn 


1 


I 

O  CO 


H  V  CO 


o  q 


2 

+ 

2 

M  ' 

|  sn 

" 

M 

sn 

where 


M 


sn 


Msn<Pe 


(18) 


(19) 


is  the  coupling  coefficient  of  the  fast  space-charge  wove,  and 


M 


sn 


(20) 


is  the  coupling  coefficient  of  the  slow  space- charge  wave. 

The  electronic  transfer  admittance  Y  ,  between  the  first  and 

s2,  si 

second  gaps  of  the  sth  resonator  is  given  by 


s2.  si  7" 


‘.2  M„I  '  “V  <S2.S1 


1  JZ  £_ 

T  V  a)  s 
o  q  | 

u 

Ms2  Msl  e’J(Pe  +  ^  ts2> Slj 


(21) 


-  21  - 


The  matrix  Y  ,  expressing  the  transfer  admittance  from  the  rth 

^■49  *  I* 


resonator  to  the  sth  resonator,  is  the  matrix 


^s,  r 


si,  rl 


s2,rl 


sl,r2 


s2,r2 


(22) 


where 


3n,rm 


,  I 

1  o  ca 


to  , 
o  q 


UT 


M  "  M  "  e  ^^e  ^q^sn,rm 
sn  rm  1 


-J(p  +  P  )i 

“  Mf-n  ^nn  6  6  *  sn>rra 


(23) 


The  expressions  given  above  were  derived  for  the  situation  where 

all  of  the  resonators  in  the  klystron  are  two-gap  resonators.  However, 

they  are  also  applicable  when  one  or  more  single-gap  resonators  are 

included  in  the  tube.  In  this  ease,  the  coupling  coefficients  of  one 

of  the  gaps  and  the  inductance  Lq  in  the  equivalent  circuit  (Fig.  7) 

are  set  equal  to  zero  for  each  single-gap  resonator  involved. 

Relating  the  Input  Resonator  Gap  Voltages  to  the 
Available  Generator  Power 

If  the  generator  Is  coupled  to  the  first  cavity  of  the  two-gs?p 
input  resonator,  the  equivalent  circuit  of  the  resonator-generator 
combination  will  be  as  shown  in  Fig.  8.  As  before,  the  resistance  in 
each  cavity  includes  the  losses  in  the  cavity  wall  and  any  external 
loading  of  the  cavity  (but  does  not  include  the  coupling  to  the 
generator).  The  generator  Is  represented  as  a  constant- voltage 

source  V  in  series  with  an  effective  internal  impedance  R  (real). 

S  6 
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The  generator  could  also  be  coupled  -to  the  second  cavity  of  the 


resonator.  In  either  case,  the  gap  voltages  and  can  be  re¬ 
lated  to  the  current  excitation  of  the  resonator  through  the  matrix 
equation 

2k.  -  £1  h  <2U) 


where  Y,  ..  is  the  self-admittance  matrix  of  the  resonator.  V,  is  the 

'-<1 

gap-voltage  vector  (Eq.  (12) ),  and  is  the  lndxiced-current  vector  of 
the  resonator,  Y^  ^  is  the  sum  of  the  circuit  and  electronic  admittance 
matrices : 


z.  ,  -  y  +  y  . 

"e,l  ~e,l 


(25) 


Y  n  and  Y  are  found  from  Eqs.  (15)  ...nd  (17),  respectively,  with 
s  »»  1.  The  real  part  of  the  beam-' loading  admittances  of  the  two  gaps 
are  represented  by  the  diagonal  elements  of  the  Y  ,  matrix,  while  the 
beam  transfer  admittance  is  represented  by  the  off-diagonal  element 


*12, 11* 

Letting  ^  and  writing  Eq.  (2h)  in  terms  of  its 

components,  we  have 


Ul! 


zn,u 


zi2,n 


*11,  32 

Zn, 


‘hi 

X12 

(26) 


Since  the  beam  loading  of  the  individual  gaps  and  the  excitation 
of  the  second  cavity  by  the  rf  modulation  on  the  beam  are  included  in 
the  elements  of  the  matrix  Z. 
excitation  from  external  sources.  Thus  when  the  generator  is  coupled 
to  -the  first  cavity,  I  and  I ^  -  0.  If  the  generator  is  coupled 


the  currents  and  include  only 
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to  the  second  cavity.  I,,  =0  and  I,~  *  I  .  Given  the  elements  of 

11  11  g 

Z,  ,  matrix,  the  gap  voltages  can  be  completely  determined  once  the 
gap  to  which  the  generator  is  coupled  has  been  specified  and  the 
current  I  has  been  related  to  the  generator  power, 

s 

The  power  which  is  available  from  the  generator  is  the  power 

delivered  to  the  resonator  when  its  input  impedance,  as  seen  by  the 

generator,  is  real  and  equal  to  R  .  It  is  given  by 

6 


the 


V  V  * 

P  =  1 
a  B  R 

6 


(27) 


This  equation  gives  only  the  magnitude  of  V  in  terms  of  the 

8 

available  power.  Let  the  phase  of  be  chosen  as  a  reference  and 
set  equal  to  zero.  Then 


V  *  VS  R  F 
8  7  g  a 


(28) 


The  current  I  w.  LI  be 
S 


I 

S 


V 


R  +  Z, 
8  i 


(29) 


where  Z^,  the  input  impedance  as  seen  by  the  generator,  is  defined  to 
be 


(30) 


The  subscript  n  refers  to  the  number  of  the  gap  to  which  the  generator 
is  coupled. 
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In  general,  the  gap  voltages  will,  be  dependent  on  whether  the 
generator  Is  coupled  to  the  first  cavity  or  the  second.  These  two 
esses  are  discussed  separately  below.  However,  note  that  in  either 
case  the  input  voltage  standing-wave  ratio  S  can  be  computed,  once 
Zi  is  known,  from 


S 


1  +lpl 
1  -IP! 


(31) 


where  p,  the  voltage  reflection  coefficient,  is 


P 


V! 

Z.+R 


g 

6 


(32) 


1.  Generator  Coupled  to  the  First  Cavity 

When  the  generator  is  coupled  to  the  first  cavity,  I  = 
I  and  I  =  0.  Substituting  these  values  into  Eq.  (26)  and 

g  -Lc- 

expanding  yields  the  two  equations 


V 


11 


Z-U,ll  Ig 


(33) 


V12  =  Z12, 11  \ 


(3>0 


Comparing  Eq.  (33)  with  Eq,  (30),  we  see  that 


Zi  =  Zll,ll 


(35) 


Combining  Eqs.  (28),  (29),  (33),  and  (35),  we  obtain 

v  =  vm-' 

V11  R  +  Z  V  °  g 

g  li,  LI 


(36) 
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This  equation  relates  the  rf  voltage  at  the  first  gap  to  the 
available  generator  power  when  the  generator  is  coupled  to  the 
first  cavity.  The  voltage  at  the  second  gap  is  then  found  from 
Eqe.  (33)  and  (3)1): 


'12 


zn.n 


11 


(37) 


In  this  case,  the  effective  internal  impedance  of  the 
generator  is  given  by 

»g  "  <V«>U  <‘W>8,U  <38) 

where  (Qejrt)g  is  the  external  Q  of  the  first  cavity  associated 
with  the  coupling  to  the  generator. 

Geneiator  Coupled  to  the  Second  Cavity 

When  the  generator  is  coupled  to  the  second  cavity,  I11  =  0 
and  1=1.  Substituting  these  values  of  current  into  Eq.  (26), 
we  obtain 


V  =  Z  I 

V11  *11,? 2  g 


(39) 


V12  “  Z12,12  Ig 

From  Eqs.  (30)  and  (to) ,  the  input  impedance  Z^  is 

*7  —  7 

i  12,12 


(bl) 
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Combining  Eh3  •  (3^)^  ( ^ 0) j  uuu  (m1)  villi  S^tJ«  {izvj  ana  \j~y) 

» 


yields 


and 


12  Kg  +  Z12,12 
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(*•2) 


v  v 

11  Z12,12  12 


(*3) 


These  last  two  equations  define  the  elements  of  gap  voltage 
vector  V  when  the  generator  is  coupled  to  the  second  cavity. 

'■wL 

The  effective  internal  impedance  of  the  generator  in  this  case 
is 


Rg  "  ^sh^lP  (Qext^g,12 


m 


where  (C>ex^)g  ^  is  the  external  Q  of  the  second  cavity  associated 
with  the  coupling  to  the  generator. 

D.  Klystron  Output  Power,  Gain,  and  Riase  Shift 

The  average  rf  power  delivered  from  the  beam  to  the  pth  (output) 
resonator  can  be  found  from  the  voltage  matrix  and  the  circuit 
admittance  matrix  of  that  resonator.  The  relationship  is 


where  is  the  transpose  of  the  voltage  matrix  and  the  asterisk 
indicates  complex  conjugate.  If  the  losses  in  the  cavity  walls  are 
negligible  and  there  is  only  one  external  load  coupled  to  the 
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where  n  refers  to  the  number  of  the  cavity  within  the  pth  resonator  to 
which  the  load  is  coupled. 
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MEASUREMENT  METHOD  FOR  COLD  TEST  OF  EHEBDED-  INTERACTION  RESONATORS  HAVING 


MODE  OVERLAPPING 


A.  Introduction 

The  theoretical  basiB  for  cold-test  techniquee  applicable  to 
extended- interaction  resonators  with  mode  overlapping  was  developed 
during  the  second  reporting  period  and  is  described  in  this  section. 

Standard  cold-test  procedures  used  for  single-mode  resonators  do 
not  provide  sufficient  information  for  predicting  the  performance  of 
resonators  with  mode  overlapping.  A  single-mode  resonator  is  normally 
represented  by  an  equivalent  circuit  having  a  single  resonant  element. 
Only  two  parameters,  the  (R^^/ Q)  and  the  loaded-Q  factor,  ere  required 
for  the  calculation  of  the  interaction  impedance  and  the  frequency 
response  of  this  resonator.  The  goals  of  standard  resonator  cold- 
test  techniques  are  to  determine  the  (R^/q)  and  the  loaded-Q  factor. 

The  representation  of  the  resonator  performance  becomes  more 
ccraplex  when  mode  overlapping  is  allowed.  In  this  case  It  is  convenient 
to  use  circuit  Impedance  matrices  to  express  the  relations  between  the 
voltages  and  Induced  currents  In  the  interaction  gaps.  The  circuit 
Impedance  matrix  is  completely  defined  when  the  values  of  all  its 
elements  are  known  as  a  function  of  frequency.  Methods  have  been 
derived  whereby  the  elements  of  the  resonator’s  impedance  matrix  may 
be  d.e’ter^ni Tbc  values  of  tbs  tpansfsr  elements  of  Hie  matrix 
(off-diagonal  elements),  relative  to  one  or  more  of  the  self- impedance 
elements  of  the  gaps,  can  be  evaluated  by  exciting  each  cavity 
sequentially  with  small  coupling  loops  and  measuring  the  change  in 
the  transmission  (magnitude  and  phase)  to  the  load  port  when  the  gaps 
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B. 


are  perturbed.  The  self  impedance  of  each  gap,  relative  to  the  self 

impedance  of  a  reference  gap,  may  also  be  measured  in  this  manner. 

The  method  is  described  in  part  B  of  this  section.  The  self  impedance 

of  each  gap  may  be  determined  by  exciting  the  resonator  at  the  load 

port  and  measuring  the  change  in  the  reflection  coefficient  as  each 

gap  is  perturbed.  This  method  is  described  in  part  C  of  this  section. 

Measurement  of  the  Circuit  Matrix  Elements  by  Capacitive  Perturbation 
of  the  Interaction  Gaps 

In  the  derivation  of  the  theoretical  basis  for  the  measurement 
method,  the  equivalent  limped  circuit  model  shown  in  Fig.  9  is  used  to 
represent  the  actual  coupled- cavity  extended-interaction  resonator. 

The  extended-interaction  resonator  consists  of  n  coupled  resonators. 
For  simplicity  we  will  assume  that  all  the  interaction  gaps  have  equal 
capacitances.  This  will  be  true  for  most  resonator  designs.  The  other 
circuit  elements  may  vary  from  cell  to  ceil. 

We  shall  first  define  the  appropriate  variables  to  be  used  in  the 
analysis  and  derive  their  interrelations. 

We  shall  define  a  gap  voltage  vector  V 


V 


09) 


and  similarly  vectors  describing  the  driving  currents  I  in  the  Inter¬ 
action  gaps  end  the  mesh  currents  i; 
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(50) 


Applying  Kirchhoff's  laws  to  the  circuit  and  writing  the  resulting 
equations  in  matrix  form,  we  obtain 


K  i 


C  I 


(51) 


where 


C 


1 

joC 


1 


(52) 


and  1  is  the  unity  matrix.  The  mesh  impedance  matrix  K  is  given  by: 


<Z1  *  Zol>  ’  -Zol  •  0  > - 0 

s. 

•Zol  >  <C+  Zol  +  Zo2>  -  -ZoS  -  0 - ? 

!  ""  ' 
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t  \  I 
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'  o(p-l)  ,  v  p  o(p-l)  op'  *  Op'  , 

!  \  i 
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i  > 
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(53) 
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where 


Z  =  R  +  J  (oiL  -  4r)  (5*0 

p  p  P  <oC 

The  gap  voltages  are  given  by 

Z=  S.  (I  -  i)  (55) 

Combining  Eqs.  (51)  and  (55)  we  obtain: 

V  =  Cl  -  C  K’1  C  I  (56) 

We  have  defined  the  circuit  matrix  Z  to  be 

2.  =  C  -  C  K"1  C  (57) 

which  yields  the  relationship 

v  =  z CI  (58) 

The  change  (dZ^)  in  the  circuit  matrix  produced  by  a  perturbation  of 
one  of  the  circuit  elements  (for  example  the  capacitance  C  of  the  pth 
interaction  gap)  is  given  by 

(d^)  =  (dC)  -  (dC)  K_1C  -  C  (dK'1)  C  -  CK'1  (d£)  (59) 

We  do  not  have  any  explicit  expression  for  the  inverted  mesh  impedance 
matrix  K”^  and  must  eliminate  this  matrix  from  Eq,.  (59)- 
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FrC*u  tile  relation 

K  K_1  -  1  (60) 

ve  obtain 

(dx)  K"1  +  K  (dx"1)  *  0  (61) 

Therefore 

(dX'1)  “  -  l1  (dZ)  l1  (62) 

Combining  Eqs.  (59)  and  (62)  end  making  use  of  Eq.  (57)  we  obtain 
(dZj  =  -  (dC)  +  (dK)  4  (dC)  c;1  ^  +  Zc  C'1  (dC) 

“Sc  £_1(d£)  -(d£>£  1 5c  +  5c  £ 1  *££  (63) 

We  shall  define  a  matrix  P  having  all  elements  equal  to  zero 
except  for  the  pth  diagonal  element  which  is  unity.  For  a  perturbation 
of  the  susceptance  d(cnC)  of  the  pth  gap  we  see  from  Eq.  (52)  that 

(d£)  -  -  l  W 

J(a£) 

Similarly  from  Eqs,  (53)  and  (5*0  ve  see  that 
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Therefore 


(dC)  =  (ax) 


Combining  Eq9.  (59)  and  (66)  ve  get 


(dZ  )  =  Z  C"1  (dX)  C'1  Z 


Written  in  its  component  form,  the  Z  matrix  is 


Zn  ’  zi2  J 

\ 

^1  »  ii22  ~ 

i  I  v 


Z!i  >  ! 


ZL  •  Zn2 


Making  use  of  the  definition  of  ve  find  frcm  Eqs.  (52),  (63),  (65). 
and  (68): 


(dZj  =  -  j  d(oC) 


<Vpl^  (ZlpZp2>' 
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Eq..  (6y)  snows  a  basic  relation  b -tween  the  change  (dZc)  In  the 
impedance  matrix  and  the  elements  of  the  impedance  matrix  when  the 
pth  gap  is  perturbed  „  For  0  given  excitation  current  vector  1  ,  the 
change  in  the  impedance  matrix  results  in  a  change  (dv)  in  the  gap 
voltage  distribution.  This  change  is 

(dx)  -  (<XC)  L  (70) 


Hie  simplest  relations  are  obtained  when  the  resonator  is  excited  at 
one  gap  at  a.  time,  for  example  the  qth  gap.  We  shall  further  assume 
that  the  gap  voltage  is  measured  in  the  ,6th  resonator  cell.  In  this 
case  we  get  from  Eqs.  (6^)  and  (70) 

(“Vm  -  -  J  IW  h  ™ 


It  should  be  recalled  that  the  subscript  p  in  Eq.  (71)  identifies  the 
perturbed  cell. 

Eq.  (71)  provides  the  basis  for  our  measurement  method.  Ry 
selecting  several  combinations  of  the  values  of  l,  p  and  q,  a 
sufficient  number  of  equations  is  obtained  to  determine  all  the 
elements  of  the  circuit  matrix. 

The  total  number  of  elements  in  the  circuit  matrix  for  an  n-gap 
2 

resonator  is  n  .  The  resonator  Is  a  passive  circuit  and  therefore  the 
circuit  matrix  Z  is  symmetric,  i.e.. 


for  any  value  of  r  and  s,  Because  this  is  true,  the  total  number  of 
unknown  elements  m  Is  reduced  to 

m  =  ~  (n  +  l)  ( T3) 

Therefore,  only  a  small  -fraction  of  the  possible  combinations  of 
values  of  t ,  p  and  q  are  needed  for  the  determination  of  the  circuit 
matrix.  We  shall  make  use  of  this  to  create  a.  simple  measurement 
method . 

In  an  actual  measurement  it  is  most  convenient  to  measure  the 
change  in  the  gap  voltage  in  the  cell  coupled  to  the  external  load. 

The  coupling  is  strong  and  not  easily  subject  to  accidental  changes 

in  this  case.  The  value  of  L  will  therefore  be  fixed  to  the  identifi- 

2 

cation  number  of  the  loaded  cell.  The  remaining  n  equations  obtained 

by  the  possible  combination  of  p  and  q  is  still  sufficient.  Excitation 

of  the  different  cells  can  be  done  with  small  coupling  loops.  Care 

must  be  taken  to  avoid  detuning  of  the  cell  by  using  small  penetrations 

of  the  loops  into  the  resonator.  The  measurement  is  performed  by 

successive  perturbations  of  the  different  interaction  gaps  for  each 

location  of  the  excitation  loop. 

In  order  to  determine  the  absolute  values  of  the  circuit  matrix 

elements  by  this  measurement  method  alone,  it  is  necessary  to  know  the 

absolute  values  of  (dV.)  and  I  .  In  addition,  the  perturber  must 
x  X'pq  q  ’ 

be  calibrated  to  assign  a  value  to  d(coC).  This  is  inconvenient.  Each 
of  the  coupling  loops  would  have  to  be  calibrated,  and  equations 
would  have  to  be  derived  relating  the  loop  currents  to  the  induced 
gap  curi’ents. 
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However,  the  excitation  currents  can  be  eliminated  as  unknowns 
from  the  set  of  equations  geneiated  by  the  measurement  (Eq,  (71))* 

This  also  eliminates  the  need  for  knowing  the  value  of  d/  c)  and  the 
calibration  constant  between  the  gap  voltage  and  voltage  across  the 
load  (waveguide)  in  the  loaded  cell.  In  this  case  it  is  not  possible 
to  find  all  of  the  matrix  elements,  but  only  the  ratios  of  the  circuit 
impedance  matrix  elements  to  one  of  the  other  matrix  elements.  However, 
the  value  of  this  reference  element,  which  must  be  one  of  the  dit  gonal 
elements,  can  be  determined  by  the  method  described  in  part  C  of  this 
section.  The  total  number  of  equations  provided  by  the  measurement 
(n2)  is  still  sufficient. 

C.  Measurement  of  the  Diagonal  Elements  of  the  Circuit  Impedance  Matrix 

A  method  presented  by  Lakits^for  finding  the  interaction  Impedance 
of  filter- loaded  resonators  can  be  used  for  determining  the  diagonal 
elements  in  the  circuit  Impedance  matrix.  (See  Appendix  A  of  reference 
7  for  a  correction  to  one  of  his  equations  which,  however  does  not 
change  his  genera.',  conclusions). 

In  the  equivalent  circuit  of  Fig.  9>  used  in  the  derivation  of 
the  circuit  impedance  matrix,  the  external  load  was  represented  by  a. 
series  resistance  in  the  loaded  cell  of  the  network.  Since  coupling 
to  the  load  port  is  required  for  the  present  measurement,  the  modified 
equivalent  network  shown  in  Fig.  10  must  be  used.  The  circuit  is  to 
be  assumed  lossless  (as  required  by  Lakits'  assumption)  and  the  load 
resistance  in  the  jtth  cell  is  replaced  by  a  more  complex  coupling 
circuit.  The  original  n-port  network  of  Fig.  9  is  thereby  corn- '  +ed 
into  an  (n+l)-port  network.  The  voltages  at  the  ports  ore  related  to 
the  drive  currents  by: 
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d  ci: 


The  coupling  circuit  is  designed  to  simulate  the  loading  of  the  original 
circuit  at  all  frequencies  of  interest.  When  the  Lth  port  is  loaded 
with  the  characteristic  impedance  of  the  waveguide,  all  the  elements 
Zrs  for  1  <  r  <  n  and  1  <  s  <  n  in  Eq.  (78)  are  equal  to  the  equivalent 
element  of  the  circuit  impedance  matrix  of  the  original  circuit. 

In  order  to  conform  to  the  concept  s  used  by  Lakits,  the  capacitive 
perturbation  of  one  of  the  interaction  gaps  of  the  circuit  must  be 
considered  as  the  connection  of  a  parallel  susceptance  A(tuC)  to  the 
gap.  We  shall  assume  that  we  are  perturbing  the  pth  gap  and  are 
exciting  the  resonator  through  the  load  port  L.  In  this  case  all  the 
gap  currents  except  1^  and  1^  are  zero.  The  currents  and  the  voltages 
at  the  Lth  and  pth  ports  are  now  interrelated  by 
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(79) 
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By  using  simple  trans forma tion  rules  this  equation  can  be  transformed 
into  the  two-port  network  representation  used  by  Lakits. 


(8o) 


A  direct  application  of  Lakits'  method  will  yield  the  value  of  the 
self  impedance  Z^  of  the  pth  interaction  gap.  All  the  diagonal 
elements  of  the  impedance  matrix  can  therefore  be  found  by  this  method. 


CONCLUSIONS  AND  FUTURE  FLANS 


A.  Conclusions 

A  discussion  was  presented  showing  that  by  a  proper  selection  of 
resonator  parameters,  the  frequency  response  of  two-gap  extended- 
interaction  resonators  with  overlapping  modes  can  be  made  quite 
insensitive  to  changes  in  the  beam  voltage.  One  example  case  was 
cited  wherein  the  beam  voltage  could  be  varied  over  a  range  of  approxi¬ 
mately  fifty  percent  without  seriously  affecting  the  resonator's 
frequency  response  curve  or  its  bandwidth. 

A  complete  set  of  equations  have  been  derived  for  computing  the 
small-signal  gain  and  phasi  vs.  frequency  response  of  klystrons  which 
employ  extended-interaction  resonators  with  overlapping  modes.  These 
equations  are  being  programmed  for  a  digital  computer.  The  gain 
equation  is  written  as  a  determinant  of  matrices,  and  the  elements  of 
the  matrices  will  be  calculated  within  the  computer  program.  The 
elements  of  the  circuit  admittance  matrix  of  each  resonator  will  be 
computed  from  the  equivalent-circuit  parameters  of  the  resonators, 
and  the  elements  of  the  electronic  admittance  matrices  will  be  computed 
from  the  beam  and  gap  parameters.  VThile  the  equations  were  derived  for 
the  particular  case  of  klystrons  containing  on  y  two-gap  extended- 
interaction  resonators  or  single-gap  resonators,  the  method  is 
generally  applicable  to  resonators  with  any  number  of  gaps,  including 
multiple-tuned  single-gap  resonators. 

The  theoretical  basis  for  a  cold-test  method  applicable  to 
extended-interaction  resonators  with  overlapping  modes  and  to  filter- 
loaded  resonators  has  been  developed.  By  using  this  method,  all  of 
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the  elements  of  the  resonator's  circuit  impedance  matrix  can  be 
measured,  and  the  characteristics  of  the  resonator  uumpletejy  de¬ 
termined,  The  off-diagonal  elements  of  the  matrix  can  be  evaluated 
relative  to  one  or  more  of  the  diagonal  elements.  The  values  of  the 
diagonal  elements  can  be  measured  directly. 

B.  Future  Plans 

The  writing  of  the  small-signal  gain- bandwidth  computer  program 
will  be  completed,  and  computations  will  be  started.  At  first,  the 
input  resonator  will  be  studied  independently  to  see  whether  the 
generator  should  be  coupled  to  the  first  cavity  or  the  second  cavity, 
or  whether  it  could  be  coupled  to  either  with  equal  results.  Once 
that  has  been  done,  smell-signal  calculations  will  be  carried  out  for 
the  entire  buncher  section.  Initially,  all  of  the  buncher  resonators 
will  be  designed  for  full- band  coverage  (except  for  the  penultimate 
resonator  system  which  must  be  tuned  outside  the  frequency  band).  The 
relativeiy-high  interaction  impedance  which  can  be  expected  from 
resonators  with  mode  overlapping  indicates  that  this  approach  is 
feasible. 

The  cold-test  method  described  in  this  report  will  be  evaluated 
experimentally  by  first  applying  it  to  single-mode  resonators.  The 
results  obtained  can  then  be  compared  with  measurements  made  using 
conventional  techniques.  Following  this,  the  cold  testing  of  two- 
gap  extended-interaction  resonators  with  overlapping  modes  will  be 
started. 

A  computer  program  for  the  large-signal  analysis  of  extended- 
interaction  resonators  with  overlapping  modes  will  be  developed.  The 
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program  vi  1.1  be  capable  of  simulating  and  accounting  for  the  remodul 
tion  of  the  beam  within  a  multi-gap  resonator,  and  will  be  used  for 
the  final  evaluation  of  output  resonators. 

An  over-all  tube  design  will  be  formulated  from  the  combined 
results  of  the  large-signal  analysis,  the  small-signal  analysis,  and 
the  cold-test  measurements. 
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GLOSSARY  OF  SYMBOLS 


A 


°2 

c 

C 


e,  sn 

i 

i 

I 

V3? 


sn 


I 

rv 

3 

K 

/ 

l 


'',sn,rm 


I. 
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Amplitude  of  tlie  current  1^  (except  in  Eq.  (80),  where  A  is 
an  element  of  the  A, B.C.D- parameter  matrix) 

Amplitude  coefficient  of  the  current  ( I | =  aQA) 

Free-space  velocity  of  light 

Cavity  interaction- gap  capacitance  (except  in  Eq.  (80),  where 
C  is  an  element  of  the  A, B,  C,  D- parameter  matrix) 

Interaction-gap- capacitance  matrix,  defined  by  Eq.  (52) 

Electronic  charge 

Beam-loading  conductance  of  the  nth  gap  in  the  sth  resonator, 
defined  by  Eq.  (l8) 

Circulating  cavity  current 

Circulating  cavity  current  vector,  defined  in  Eq.  (50 , 

i 

DC  beam  current 
Induced  gap  current 

Induced  rf  currents  in  the  first  and  second  gaps  of  a  two- 
gap  resonator 

RF  current  from  the  generator 

In  Eq3.  (10)  through  (48),  the  rf  current  induced  in  the  nth 
gap  of  the  sth  resonator 

Induced  gap  current  vector,  defined  in  Eq.  (50) 

Impedance  matrix,  defined  by  Eq.  (53) 

In  Eqs.  (49)  through  (80),  denotes  the  gap  within  the 
resonator  at  which  the  voltage  is  being  measured  in  cold  test 

In  Eqs.  (IQ)  through  (48),  axial  distance  from  the  center  of 
the  mth  gap  of  the  rth  resonator  to  the  center  of  the  nth 
gap  of  the  sth  resonator 

Coupling  inductance  between  cavities 
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L 


Cavity  inductance  (except  in  Eqs.  ( 78)  through  (8o),  where  it 
denotes  the  load  port  of  a  multi-gap  resonator) 

Equivalent  inductances  of  the  cavities  in  a  two-gap  resonator 

m  Electron  rest  mass 

o 

m  In  Eqs.  (10)  through  (48),  a  subscript  denoting  one  of  the 

gaps  of  a  resonator 

m  In  Eqs.  (49)  through  (80),  the  total  number  of  unknown 

elements  in  the  matrix  Z 

~c 

M-  Gap  coupling  coefficient  of  the  fast  space-charge  wave,  defined 

in  Eq.  (19) 

M  Gap  coupling  coefficient  of  the  slow  space-charge  wave, 

defined  in  Eq.  (20) 

n  In  Eqs.  (10)  through  (48),  a  subscript  denoting  one  of  the 

gaps  of  a  resona.tor 

n  In  Eqs.  (49)  through  (8o),  the  total  number  of  gaps  within 

the  resonator 

p  In  Eqs.  (2)  and  (3),  the  spacing  between  the  centers  of  the 

gaps  in  an  extended-interaction  resonator 

p  In  Eqs.  (10)  through  (48),  the  total  number  of  resonators 

in  the  klystron 

p  In  Eqs.  (49)  through  (8o),  denotes  which  gap  is  being 

perturbed  within  the  resonator  in  cold  test 

Power  available  from  the  generator 

Average  rf  power  dissipated  in  the  klystron  load 

Average  rf  power  delivered  from  the  beam  to  the  prh 
resonator 

P  A  matrix  with  all  elements  equa.l  to  zero  except  the  pth 

diagonal  element,  which  is  unity 

q  In  Eqs.  (49)  through  (80),  denotes  the  gap  within  the 

resona.tor  which  is  being  excited  in  cold  test 

Total  loaded  Q  values  of  the  cavities  in  a  two-gap  resona.tor, 
measured  before  the  ca.vitie6  are  coupled  together 

Q  ,  External  Q 

ext 


i 
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^ext^g.  In 


R  u/Q 
ah 


That  part  of  the  external  €<;  of  the  nth  cavity  of  the  Input 
resonator  associated  with  the  coupling  to  the  generator 

In  Eqs.  (10)  through  (1+8),  a  subscript  denoting  an  arbitrary 
resonator  occuring  before  the  sth  resonator  (r  <  s) 

In  Eqs.  ( h9)  tlirough  (80),  denotes  an  arbitrary  subscript 
within  the  matrix  Z 

Cavity  series  resistance 

Relativistic  correction  factor,  defined  by  Eq.  (5) 

Effective  internal  impedance  of  the  generator 

Equivalent  cavity  shunt  resistance 

Characteristic  impedance-quality -factor  of*a  cavity 

In  Eqs.  (10)  through  (48),  a  subscript  denoting  an  arbitrary 
resonator  occuring  past  the  rth  resonator  (s  >  r) 

In  Eqs.  (1+9)  through  (80),  denotes  an  arbitrary  subscript 
within  the  matrix  Z 

Voltage  standing-wave  ratio  (VSWR) 

DC  beam  velocity 


s2,  si 


DC  beam  voltage 
Generator  voltage 

In  Eqs.  (10)  through  (48),  the  rf  voltage  on  the  nth  gap  of 
the  sth  resonator 

Gap  voltage  vector,  defined  by  Eq.  (1+9) 

/ 

Gap  voltage  vector  of  the  input  resonator 

Gap  voltage  vector  of  the  pth  resonator,  defined  by  Eq.  (10) 

Electronic  transfer  admittance  from  the  first  to  the  second 
gap  of  the  sth  two-gap  resonator,  defined  by  Eq.  (21) 

Electronic  transfer  admittance  from  the  mth  gap  of  the  rth 
resonator  to  the  nth  gap  of  the  sth  resonator,  defined  by 
Eq.  (23) 

Circuit  admittance  matrix  of  the  sth  resonator,  defined  in 

Eq.  (15) 


Y 

~e,  s 


Electronic  admittance  matrix  of  the  sth  resonator,  defined 
by  Eq,  (16) 

Sclf-ndmittance  raatrj  x  of  the  sth  resonator,  defined  by 
Eq.  (lit) 
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sn,rm 
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Electronic  transfer-admittance  matrix  between  the  rth  and  the 
sth  resonators,  defined  by  Eq.  (22) 

Input  impedance  of  the  input  resonator  a.s  seen  by  the 
generator,  defined  by  Eq„  (30) 

Impedance  of  the  coupling  element  between  the  pth  and 
(p-t-l)th  cells  of  the  resonator  (see  Fig.  9) 

Scries  impedance  of  the  pth  resonator  cell,  defined  by 
Eq.  (5IO 

In  Eqs.  (1<9)  through  (80),  one  of  the  elements  of  the  circuit 

matrix  7, 

«-c 

Elements  of  the  matrix  Z 

~s,s 

Circuit  impedance  matrix,  defined  by  Eq.  (57) 

Inverse  of  the  matrix  Y 

~s,  s 

Vh 

Vh. 

Propagation  factor  associated  with  the  dc  beam  velocity 

-  <v»0) 

In  Eqs.  (2)  and  (3),  normalized  spacing  between  the  centers 
of  the  gaps  in  an  extended-interaction  resonator 


P 


q 

Y2 


ELasma  propagation  factor  (p^  =  u>^/ u^) 


01 


/“l 


Voltage-gain  matrix  of  the  rth  ani  sth  resonators  with  the 
intermediate  resonators  removed,  defined  by  Eq.  (13) 


Phase  of  7?  relative  to  1^ 
p  Voltage  reflection  coefficient 


0 


Total  voltage  phase  shift  through  the  klystron 


Angular  frequency 


-  50  - 


Angulur  resonant  frequencies  of  the  cavities  in  n  two-gap 
resonator  before  they  axe  coupled  together 

Angular  frequency  of  the  nth  mode,  at  which  the  cavity 
parameters  were  measured  (Fig.  1  and  Fig.  *3) 

Reduced  angular  plasma  frequency 
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